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ABSTRACT
A BIOCONTROL PESTICIDE DERIVED FROM MYCOVIRUS-INFECTED
SCLEROTINIA SCLEROTIORUM CAN INDUCE PLANT RESISTANCE
CONNOR PEDERSEN
2021
Soybean leaf-associated gemycircularvirus-1 (SlaGemV-1) is a novel mycovirus
discovered through the metagenomic sequencing of soybean leaves which is capable of
inducing hypovirulence in the highly pathogenic fungus Sclerotinia sclerotiorum. RNASeq analysis techniques were used to determine the transcriptional changes caused by the
infection of virus in S. sclerotiorum, as well as the transcriptional changes in Glycine max
caused by the colonization of hypovirulent, SlaGemV-1-infected S. sclerotiorum. RNASeq results indicate that viral infection leading to hypovirulence may attenuate expression
of genes relating to cell wall synthesis, microtubule formation, and metabolism of
steroids and natural antibiotics. Cytochrome P450-related genes, kinesin domain genes,
and methyltransferase genes were found to be downregulated in the presence of
SlaGemV-1 in S. sclerotiorum. These genes remain possible targets for further studies to
determine the reasons for the phenotypic changes seen in the hypovirulence induced by
SlaGemV-1 in S. sclerotiorum. Furthermore, transcriptional analysis shows changes in
both the jasmonic acid-regulated pathway of induced systemic resistance (ISR) as well as
the salicylic acid-regulated pathway of systemic acquired resistance (SAR) in plants
colonized with the hypovirulent fungi. Upregulation of these defense pathways may
indicate evidence of defense priming by the hypovirulent fungi to prevent further
colonization of pathogenic fungi, and even other bacterial or viral infections.
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Chapter 1: Literature Review
i. Soybean
Glycine max or, more commonly, soybean is a dicot species of the family
Fabaceae, a family characterized by their legume fruits originally from Eastern Asia.
Soybean is highly valuable as a food, feed , and oil crop (Medic et al. 2014, Gerde et al.
2020). Soybean offers a unique area of research as its genome is sequenced and wellannotated, allowing it to be an organism readily available for advanced RNA-Seq
analysis (Valliyodan et al. 2017). I will discuss the important of soybean, a major
pathogen Sclerotinia sclerotiorum, pesticides and biopesticides, and the potential of using
viruses as novel biocontrol agents.
Soybean is a commercially important crop whose yield is being continuously
improved year-by-year. In the United States between the years 1983 and 2012 soybean
yield has increased upwards of 23.3 kg/ha/yr. Whereas in Brazil soybean cultivation
efficiency has increased as much as 43.5 kg/ha/yr (Specht et al. 2014). 2020 saw a total
of 83.5 million planted acres of soybean valued at $46.1 billion while 2021 is projected to
reach 90 million acres of planted soybean in the USA (USDA 2021). Between the years
1996 to 2016 an economic loss of approximately $4.55 billion/yr was estimated in the
USA, with pathogens causing a majority of these losses found in the northern regions of
the USA. Among these, Sclerotinia sclerotiorum, the causal agent of Sclerotinia stem rot
was shown to be a significant contributor to crop loss over these two decades (Bandara et
al. 2020). These loss numbers combined with the yearly yield increases show that
improving the efficiency of pesticides/biopesticides may be crucial to continued
agricultural development. Brazil in particular is a country where improving farming
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efficiency should be considered urgent. With the continued rapid expansion of agriculture
in Brazil, regions of the amazon rainforest are being cleared to make war for agricultural
fields. The soybean is considered a threat to the Amazonian environment. Soybean
planting requires destruction of the amazon rainforest leading to great loss of biodiversity
and displacement of native tribes. By 2008, nearly 723,177 km2 or ≈11.4% of the amazon
has been cleared to make way for industries, including agriculture (Fearnside 2001,
Badger et al. 2015). While unlikely that governments would agree to limit invasive
destruction of environment, one potential way to slow this destruction may be through
improved farming efficiency. A potential target of interest in the study to improve
farming yield, and an environmentally friendly alternative, is the development of better
pesticides and biopesticides, a solution to improving crop yields for soybean.
ii. Pesticides and biopesticides
Pesticides refer to any chemical/biological treatment which is used to remove
pests or unwanted organisms from a field including: weeds, insects, and fungi. A
biopesticide refers to a biologically derived pesticide and is often considered a more
environmentally friendly alternative. 2012 saw ≈$56 billion in pesticide expenditures
worldwide with the USA totaling ≈$9 billion in expenditures alone (Atwood et al. 2017).
Pesticides pose major problems to both environmental and human health. In the past,
pesticide workers’ exposure to pesticides has been noted to cause DNA mutations and
often lead to sterility (Grover et al. 2003, Simoniello et al. 2008). Pesticides have also
been shown to cause major environmental damages including: groundwater pollution
through leaching (Pérez-Lucas et al. 2018), contamination of waterways (Perkins et al.
2021), and development of pest resistance to pesticides (Gould et al. 2018). The
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overarching problem of climate change is also greatly affecting the efficiency of
pesticides. As CO2 levels and temperatures rise, the efficacy of traditional chemical
pesticides declines (Matzrafi 2019). The production of less harmful biopesticides is a
promising alternative to harmful chemical treatments. Biopesticides remain a young
market with plenty of room to grow; as of 2018 biopesticides comprised a world market
share of approximately $3 billion, comprising approximately 5% of the crop protection
market (Damalas et al. 2018). Biopesticide production is estimated to outpace and
outgrow the chemical pesticide market in the coming years (Marrone 2014).
iii. What is Sclerotinia sclerotiorum
Sclerotinia sclerotiorum is a wide-reaching and highly infectious plant pathogen
that is known to infect upwards of 400 different species of plants including commercially
important crops (Boland et al. 1994). In 2009 S. sclerotiorum was the #2 leading cause of
soybean loss to disease resulting in an annual loss of $560 million in soybean production
(Peltier et al. 2012). Sclerotinia sclerotiorum has potential for infecting upwards of 100%
of a crop, and if left untreated could potentially destroy a whole crop (Heffer Link et al.
2007) and because of its overwintering nature as sclerotia, could prove problematic for
crops in following seasons past the initial infection season. Sclerotinia sclerotiorum is a
member of the family Sclerotiniaceae which are defined by their production of stromata
and sclerotia (Bolton et al. 2006). Two types of sclerotia were determined by Whetzel in
1945 as substratal and sclerotial stroma (Whetzel 1945, Willetts 1997) and are
characterized as melanized hyphal aggregates (Bolton et al. 2006). Sclerotia structures
were likely a mechanism which was selected for in response to the Sclerotiniaceae’s
growth in the northern hemisphere during the Pleistocene Ice Age. These sclerotia
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structures have separated the Sclerotiniaceae family from other members of the now
defunct class of discomycetes (Willetts 1997). The Sclerotiniaceae family includes
multiple different genera including Botrytis and Monilinia to name a few. Along with S.
sclerotiorum, there are currently 3 defined species within the Sclerotinia genus also
including S. minor and S. trifoliorum (Kohn et al. 1988).
Sclerotinia sclerotiorum is commonly known as white mold, but is also referred
to as up to 60 other names (Purdy 1979) and causes water-soaked lesions in leaves, dark
lesions on the stem which will develop patches of white, fluffy fungal growth. This
devastating pathogen is recognized to follow both biotrophic and necrotrophic lifestyles.
Biosynthesis and secretion of oxalic acid shows that S. sclerotiorum will unexpectedly
switch between biotropic and necrotropic states in response to the host hypersensitive
response (Kabbage et al. 2013, Kabbage et al. 2015). Lesions will develop areas of
necrotic tissue which will harbor the white, fluffy growth associated with white mold.
Very often, the fungus will form sclerotia within the infected tissue, and are particularly
likely to form within the flowering and seed-producing areas of a plant (Bolton et al.
2006).
iv. Mycoviruses and SlaGemV-1
A mycovirus is a virus which is known to infect specific species of fungi and,
until recently, have been relatively poorly studied (Hollings 1962, Pearson et al. 2009).
Two theories assert that mycoviruses either evolved from plant viruses or coevolved
alongside fungi (Son et al. 2015). Mycovirus-mediated hypovirulence is the attenuation
of fungal pathogenicity by the presence of the mycoviral particles (Nuss 2005).
Hypovirulence is induced in fungi by mycoviruses by means of RNA silencing, alteration
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of genetic expression, and disruption of the transcriptome and can cause phenotypic
changes including reduction in growth or changes in pigmentation.
Soybean leaf-associated virus 1 (SlaGemV-1) is a recently discovered 2.2kb
Circular Rep-Encoding Single Stranded DNA (CRESS DNA) virus which had its
sequence identified from the metatranscriptome of soybean leaves (Marzano et al. 2016).
SlaGemV-1 encodes for two proteins: a capsid protein (CP) and a replication initiator
protein (REP). Interestingly, despite compact genome, SlaGemV-1 can induce the
mentioned phenomenon of hypovirulence in S. sclerotiorum. CP is responsible for the
containment and protection of the viral genome before infection. REP is responsible for
the virus’ ability to initiate replication of its genome for further viral propagation. A
similar virus, Sclerotinia sclerotiorum hypovirulence-associated DNA virus-1 (SsHADV1) has also been shown to induce similar levels of hypovirulence in S. sclerotiorum.
SsHADV-1, like SlaGemV-1, is a ssDNA-based mycovirus which is highly unique
compared to most other ssRNA and dsRNA mycoviruses in existence. Phylogenetic
relationships indicate that SsHADV-1 is highly similar, and likely descendant of the
plant-infecting geminiviruses which most commonly are comprised of genomes made up
of ssDNA. Furthermore, the discovery paper of SsHADV-1 also discusses its potential as
a biocontrol agent for S. sclerotiorum (Yu et al. 2010). SsHADV-1 is another well
studied CRESS-DNA virus with similar genome characterization as SlaGemV-1 (Yu et
al. 2010) with a difference being that SlaGemV-1 has an intron in REP and is classified
under genus Gemygovirus. SlaGemV-1 and SsHADV-1 share 44.75% identity with an E
value of 9e-79 and 44.35% identity with an E value of 1e-87 in CP and REP respectively
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for the amino acid sequences as found through NCBI BLASTp (Altschul et al. 1997,
Altschul et al. 2005).
v. Hypovirulence
Hypovirulence in fungi, in its most basic description, is the attenuation of fungalplant pathogen interactions. Typical phenotypes experiences by fungi undergoing virusmediated hypovirulence include changes in pigmentation, irregular growth, and the
inability or decreasing effect to infect plant tissue. A hypovirulent fungi may also see
large changes in metabolite development and secretions. These drastic changes in
phenotype are carried out by drastic changes of the fungal genetic expression (Nuss
2005).
These drastic phenotypic changes may be explained by varying mechanisms
described by Nuss: reprogramming of RNA silencing pathways, changes in cellular
signaling, and changes within the host transcriptome. RNA silencing utilizes small RNAs
and micro RNAs necessary for the regulation of expression in some genes. Evidence is
provided that hypoviral infection of fungi can alter the expression of miRNAs using Viral
suppressors of RNA silencing (VSRs) with papain-like protease p29 (Segers et al. 2006)
and potyvirus HC-Pro (Maia et al. 1996) being model examples of this miRNA
disruption. Hypovirulence induction also causes great differences in gene expression
when compared to uninfected fungal samples as well. Cryphonectria parasitica infected
with the hypovirulence-inducing mycovirus was shown to undergo RNA silencing
affecting the MAPK cascade and G-protein signaling. Nuss’ final point is the direct
disruption of the fungal transcriptome. Mutant deletions of single hypovirulence-related
genes have been shown to create large discrepancies in the transcriptomes of host
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genomes. The evidence indicates that there is strong crosstalk between many different
signaling pathways to explain for the large transcriptional changes seen in hypovirulence
(Nuss 2005).
vi. Other studies of hypovirulence
Hypovirulent strains of C. parasitica were utilized and recognized as natural
defenses against chestnut blight long before they were known to carry any mycoviruses
(Biraghi 1953, Day et al. 1977, Grente et al. 1978). Although studies have shown that
there is little evidence that utilizing a mycovirus as a pathogen control mechanism works
in nature (Griffin 1986, MacDonald et al. 1991), positive results have been shown in nonnatural settings such as chestnut tree groves outside of their natural habitat (MacDonald
et al. 1991, Milgroom et al. 2004). One of the mechanisms is through an induction of
resistance genes in host and non-host plants. A hypovirulent strain of S. sclerotiorum
infected by the mycovirus SsHADV-1 has been shown to not only induce protection in
wheat against Fusarium infection, but also to increase yield (Tian et al. 2020). The same
phenomenon can also be observed with SsHADV-1-infected S. sclerotiorum in the
protection and yield enhancement of Brassica (Zhang et al. 2020).
The same papers which show the benefits for SsHADV-1 on the growth and
protection of wheat and Brassica also showed the ability for the newly hypovirulent S.
sclerotiorum to now grow endophytically within the roots of the plant (Tian et al. 2020,
Zhang et al. 2020). While it is determined by Tian et al that even pathogenic S.
sclerotiorum can become beneficial and grow endophytically in wheat, induction of
hypovirulence by SsHADV-1 allowed for mass-colonization of roots without pathogen
symptoms in field trials (Tian et al. 2020). Utilization of SlaGemV-1 as a biocontrol
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agent of WT S. sclerotiorum could be beneficial in not only preventing loss, but also in
increasing crop yields if the hypovirulence is noted to be statistically significant in its
effects to attenuate the pathogenicity of S. sclerotiorum. Before commercialization can be
suggested or ever possible however, steps should be taken to determine specific genetic
changes caused by the SlaGemV-1 infection on S. sclerotiorum as well as potentially
uncovering effect that the virus-infected fungi would have on plant gene expression.
vii. Resistance pathways and priming
Two major forms of defense signaling include: systemic acquire resistance (SAR)
and induced systemic resistance (ISR). These pathways are not isolated from each other
and confer a large amount of crosstalk. These pathways, and other defense responses, are
characterized by being dependent of specific plant hormones: salicylic acid (SA),
jasmonic acid (JA), abscisic acid, auxin, cytokinin, gibberellin, and brassinosteroids
(Vidhyasekaran 2015). Crosstalk between hormone pathways is a vital part of
propagating defense resistance against plant pathogens. The SAR pathway is most
commonly activated through plant interactions with pathogens (Schneider et al. 1996)
while ISR is much more commonly associated with the interactions with symbiotic
mycorrhizae (Choudhary et al. 2007). These pathways are regulated by a variety of
hormones but are most known for their SA and JA biosynthetic and signaling pathways,
respectively. The hormones associated with plant defense pathways have also been
shown to induce direct changes to the soil microbiome within proximity to the plant.
These plant hormones, therefore, not only act as inducers of resistance pathways, but also
help construct the surrounding soil microbiome (Eichmann et al. 2021). An approach one
may use to increase a plant’s resistance to further pathogen attacks may be using a
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process called resistance priming. SsHADV-1 has been shown to allow S. sclerotiorum to
induce priming in plants. Priming is the process of inoculating plants, often the seeds,
with beneficial microorganisms to improve nutrient use efficiency and to potentially
improve resistance to pathogens (Rakshit et al. 2015). Qu et al. demonstrates that
SsHADV-1-infected, hypovirulent S. sclerotiorum is reprogrammed to act as a beneficial,
bio-priming mycorrhiza in rapeseed. Treatment of the hypovirulent fungus induced
resistance to sclerotinia stem rot and improved yield (Qu et al. 2020). These findings are
exciting as SlaGemV-1 shows high similarity to that of SsHADV-1. If SlaGemV-1
induces similar amounts of hypovirulence, compared to that which is already published
of SsHADV-1, SlaGemV-1-infected S. sclerotiorum may prove itself as a valuable biocontrol agent.
viii.

RNA-Seq approaches

RNA-Seq analysis is a highly-effective method in determining changes in
transcriptomes, or the totality of transcribed RNA in a system, caused by variations in
treatment (Wang et al. 2009, Marguerat et al. 2010). Early studies of the effectiveness of
RNA-Seq analysis have concluded that the differential expression analysis of
transcriptomes is just as effective as microarray studies. More and more transcriptomes
are being sequenced because of the positive uses of RNA-Seq technology. Because the
transcriptome varies so much due to its environmental conditions, being able to
accurately take a snapshot of the whole transcriptome is highly beneficial. Techniques
like RT-qPCR can be useful for the quantification of genes, but the technique is limited.
RT-qPCR cannot be applied to a whole transcriptome, so some important information
may be lost which would otherwise be captured by a whole transcriptome RNA-Seq
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approach (Hoen et al. 2008, Marioni et al. 2008, Bloom et al. 2009, Marguerat et al.
2010). My approach allows us to take look at the whole transcriptome to study the
differential expression of the host genome.
Differential expression analysis refers to the statistical analysis of two different
data sets to determine if they display differing characteristics. Specifically, the
differences in the expression of genes being expressed between organisms from two or
more treatment groups. Measuring gene copy number for differential expression can
reveal abnormalities and changes in expression, either up or down, in whole pathway
networks. However, RNA-Seq may not be the end of the story. Bioinformaticians are
consistently developing new tools for the analysis of RNA-Seq data. Over the years
pipelines have continued to improve and increase the efficiency and reliability of RNASeq analysis even under conditions of low copy number. RNA-Seq analysis therefore is
not dependent on further qPCR testing and can stand on its own (Anders et al. 2010,
Robinson et al. 2010). RNA-Seq analysis may also produce results in determining the
expression of ncRNAs and may prove to be a more efficient tool for the study of
upstream pathway analysis.
ix. Solution and conclusion
S. sclerotiorum is a major pathogen of crops in the US and abroad. If S.
sclerotiorum is to be effectively treated, it is ideal that environmentally friendly means be
employed to do so. I seek to understand the mechanism of a hypovirulent strain of S.
sclerotiorum that prevents infection of S. sclerotiorum as a potential safe solution to the
fungal infection of crops. This solution is unique and powerful in its potential to attenuate
the pathogenicity of not only further S. sclerotiorum infection, but also further

11
understanding the of the mechanisms in the S. sclerotiorum pathosystem may shed light
on the mechanisms of other pathosystems.
A possible solution to the problem of this highly pathogenic fungus is to combat it
with a hypovirulence-inducing mycovirus. Currently unpublished research indicates that
SlaGemV-1 can induce hypovirulence in S. sclerotiorum. This leads to an exciting
prospect of the potential use of a mycovirus as a biological pesticide for the attenuation
of fungal growth. Furthermore, Qu et al has shows that SsHADV-1, a highly similar
ssDNA virus, as capable, when propagated in S. sclerotiorum, to be able to induce
hypovirulence in the fungal host which may then module plant innate resistance for
enhanced pathogen resistance. However, the induction of the observed hypovirulence in
S. sclerotiorum by SlaGemV-1 must first be understood through next generation
sequencing methods.
I will explore the differential expression caused by both the viral infection of
fungi in S. sclerotiorum as well as the differential expression caused by the SlaGemV-1infected S. sclerotiorum colonization of plants on the plant transcriptome. RNA-Seq will
be employed for its wide-reaching ability to look at all annotated genes at once to reveal
target genes explaining for hypovirulence in fungi as well as symbiotic induced resistance
in plants. With a well annotated transcriptome and BLAST tools I will be able to not only
determine key genes which may be responsible for phenotypic changes in my interested
systems, SlaGemV-1-infected S. sclerotiorum and soybean infected with SlaGemV-1infected S. sclerotiorum, but also whole pathway networks which can be uncovered with
gene ontology tools. Understanding key mechanisms of the hypovirulent fungi phenotype
as they differ from healthy fungi, as well as the mechanisms of the hypovirulent fungi’s
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colonization of plant can open new avenue of research in the development of alternative
strategies for the biocontrol and management of diseases.
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Chapter 2: Sclerotinia sclerotiorum Gene Differential Expression
I. Abstract
RNA-Seq analysis was performed on WT and SlaGemV-1-infected S.
sclerotiorum strain DK3 and found significant levels of genome-wide differential
expression. DESeq2 was utilized to determine 1,920 differentially expressed genes
potentially related to the virus-induced hypovirulence. Pathway analysis was done to
determine differentially expressed gene groups. iDEP analysis and DESeq2 analysis
determine cytochrome P450, kinesin motor domains, and methyltransferase domains.
Three domains known to regulate cell wall formation and integrity, are significantly
down-regulated in virus-infected samples compared to the healthy WT. Loss of P450
domains could potentially lead to the loss action of both pathogenesis genes as well as
antibacterial resistance and defects in fungal cell wall synthesis. Kinesins are important
cargo and organelle redistribution proteins which are shown to be involved with proper,
guided growth of fungal hyphae. Methyl transferase refers to a broad spectrum of genes
which are involved with the transport and attachment of methyl groups. Loss of
methyltransferase enzymes are often related to losses in cell wall formations,
appressorium formation, and loss of pathogenicity. I speculate through gene differential
expression that the induction of hypovirulence and attenuation of growth caused by
SlaGemV-1 on S. sclerotiorum, as well as other phenotypic changes, may be explained
by the downregulation of these genes.
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II. Introduction
S. sclerotiorum is a wide-reaching, highly pathogenic fungi (Boland et al. 1994,
Bolton et al. 2006) responsible for upwards of $560 million in annual losses in soybean
alone in the US (Peltier et al. 2012). Rather than the use of expensive, harsh chemical
pesticides, the use of biocontrol agents may be a better option for the long-term. Various
studies have already determined the reprogramming of pathogenic fungi into
hypovirulent ones a plausible method for biocontrol (Milgroom et al. 2004, Pearson et al.
2009, Zhang et al. 2020). Reprogramming of virulent pathogens into symbiotic “primers”
and up regulators of natural plant-based resistance genes is a novel and potentially
powerful new tool for safe, environmentally friendly biocontrol. I seek to understand the
mechanisms of a novel mycovirus, which displays potential as a hypovirulence inducer,
as an attenuator of S. sclerotiorum pathogenicity which may also confer further plant
resistance to pathogen colonization through methods of RNA-Seq analysis to uncover the
genomic changes presented in S. sclerotiorum.
The novel virus, named as soybean leaf-associated gemycircularvirus 1
(SlaGemV-1), was originally discovered in metagenomic sequencing of soybean leaf
tissue (Marzano et al. 2016) and shows great promise as an inducer of hypovirulence.
Reducing the pathogenicity of S. sclerotiorum is an important goal in improving
agricultural output and stability as S. sclerotiorum can cause very significant losses in
crop yield (Purdy 1979, Marinelli et al. 1998). Based on my unpublished findings,
SlaGemV-1 proves a useful agent for causing hypovirulence in S. sclerotiorum. (Nuss
2005). My goal is to uncover the changes in genetic expression caused by SlaGemV-1
infection of S. sclerotiorum which induces hypovirulence by methods of RNA-Seq
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analysis. RNA-Seq analysis was chosen for the ability to understand whole transcriptome
readouts and compare them together for statistical analysis of their differential
expression. RNA-Seq methods are often considered as good as or better than traditional
microarrays and qPCR analysis (Marioni et al. 2008), the chosen RNA-Seq pipeline
should give an insightful view into the differential expression caused by the viral
infection.
III. Materials and Methods
i. Fungal RNA collection and library building
Total RNA was collected from WT S. sclerotiorum strain DK3 and S.
sclerotiorum strain DK3 infected with SlaGemV-1 mycovirus (DK3-V) tissue grown on
PDA by use of the mirVanaTM miRNA Isolation Kit (Ambion, Austin, TX, USA)
utilizing about 40mg of frozen, ground fungal tissue and the manufacturer’s
recommended procedure and storing immediately at -80℃. Fresh tissue was collected
from the edges of a newly inoculated plate and ground into powder using metal beads
inside a bead beater tube dropped into liquid nitrogen before placing into a homogenizer
for at least 3 15-second pulses with reapplication of liquid nitrogen between. The final
elution was done into DEPC treated ddH2O and stored at -80℃. Libraries for RNA-Seq
were built by sending total-RNA extracts to Novogene for sequencing.
ii. RNA-Seq analysis
RNA-Seq analysis was undergone through the South Dakota State University
Roaring Thunder Cluster. First, reads had their Illumina library adapters trimmed by
BBDuk (Bushnell 2020) allowing for 1 mis-match through paired-end adaptor trimming.
Then, the quality of the reads was checked through FastQC (Wingett et al. 2018) which
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showed quality results for all of the reads. Next, genome alignment was done using
HISAT2 (Kim et al. 2015) suite of tools using assemblies obtained through NCBI. .sam
files were reorganized into .bam files via samtools (Li et al. 2009) which was also used to
create sorted.bam output files. Subread (Liao et al. 2013) was used to output a feature
counts table detailing copy numbers for each gene corresponding to the assembly for
differential expression analysis. For alignment of S. sclerotiorum, cufflinks (Trapnell et
al. 2012) was used to convert the .gff3 to a .gtf file. Differential expression analysis was
done through the DESeq2 (Love et al. 2014) package in R (R Core Team 2020) as well as
through sdstate iDEP (Ge et al. 2018). Further gene ontological and pathway analysis was
done through Panther (Mi et al. 2009, Mi et al. 2019), as well as through the SDSTATE
iDEP system (Ge et al. 2018).
IV. Results
i. DESeq2 Results
1,168 genes were found to be upregulated by viral infection with a padj value ≤
0.05. 980 genes were shown to be downregulated by viral infection with a padj value ≤
0.05. Results of the DESeq2 analysis are visualized in Figure 1. DK3 and DK3-V were
found to display significant levels of differential expression. Figure 1A and C show the
clustering as differentiation between the two data sets while B and D illustrate the
distribution of the down and upregulation of genes caused by the presence of SlaGemV1. Log2 change ≠ 0 was used as to not discriminate when applying gene lists to further
downstream ontology enrichments.
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Figure 1. Differential expression analysis of DK3 vs DK3-V. (A) PCA biplot showing the clustering of
similar samples of S. sclerotiorum with and without viral infection. (B) All over and under expressed genes
with coloring indicating a padj value ≤ 0.05. (C) Heatmap detailing the relative differences between the two
sample groups caused by SlaGemV-1. (D) Volcano plot showing differential expression caused by SlaGemV1 based on log2 fold change ≠ 0 and an expected padj value ≤ 0.05.

ii. Gene ontology analysis
Differential expression analysis from the DESeq2 pipeline was used in
conjunction with the SDSTATE iDEP resource to determine the down, and up regulation
of different pathway networks (Figure 2) in response to viral infections of S. sclerotiorum
by SlaGemV-1. Figure 2 A displays distinct k-means pathways and clustered genes while
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Figure 2 B displays a tree diagram of those clusters. Figure 2 B shows very distinct
differential expression between the two tested groups. Figure 2 D shows the relationships
and the down/upregulation of distinct pathways and their networks. Of particular interest,
cytochrome P450 systems, kinesin domains, as well as methyltransferase systems were
down regulated in DK3-V. As well, changes in the general metabolism of the fungus
were viewed as well. Abnormalities in the expressions of P450, kinesin domain, and
methyltransferase systems could potentially indicate abnormalities in hyphal growth and
cell wall synthesis. Upregulation of glucose and NADP- metabolic pathways was also
seen in Figure 1 D.
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Figure 2. Differential expression and gene ontology analysis done through sdstate iDEP tools. (A) iDEP
clustered k-Means pathway analysis. (B) detailed ontology tree built from the k-Means DE heatmap. (C)
Differential expression heatmap for 1200 most differentially expressed genes. (D) Pathway network
visualization.
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V. Discussion
i. Cytochrome P450
Gene differential expression determined that the genes of the class cytochrome
P450 were being differentially down-regulated by the viral infection of SlaGemvV-1 on
S. sclerotiorum seen in Figure 2. Cytochrome P450 is an enzymatic system capable of a
wide-range of effects, (van Gorcom et al. 1998, Črešnar et al. 2011) including:
detoxification of pollutants (Cerniglia et al. 1978, Sutherland 1992, Bezalel et al. 1997,
da Silva et al. 2004, Teramoto et al. 2004), detoxification of potential antibiotics (Miao et
al. 1991, George et al. 1998, Sietmann et al. 2000, da Silva et al. 2004, Liu et al. 2020),
and steroid hydroxylation (Fernandes et al. 2003). Furthermore, P450 appears to play
roles in bud growth, invasive growth, and cell wall synthesis through the ergosterol
synthesis pathway (Tiedje et al. 2007). Deletion of P450 domains could lead to loss of
antifungal resistance as well as defects in cell wall chitin synthesis and vacuole fusion
(Boyce et al. 2018, Liu et al. 2020), leading to fungi with deformed walls and small,
unfused vacuoles. Attenuation of these cytochrome P450 systems could potentially slow
down the fungi’s natural ability to detoxify its environment and slow its natural
metabolism and growth. Loss of cytochrome P450 function may also attenuate invasive
growth, preventing proper invasion of the plant tissue. Studies on deletion and silencing
of targeted P450 genes have directly shown an attenuation of growth and pathogenicity of
fungi (Koch et al. 2018). Down-regulation of Cytochrome P450 systems provides
promising evidence of both growth and infection attenuation. Knockout/knockdown
mutant studies of P450 have already been used to show hypovirulence, but
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knockdown/knockout studies of the specific cytochrome P450 genes related to DK3V
may shine light on the hypovirulence phenotype.
ii. Kinesin domains
Figure 2 shows the down regulation of kinesin motor domains in the virusinfected group of the fungal samples. Kinesin domains refer to the family of motor
proteins characterized by their 2 heavy chains used to “walk” across microtubules (MTs)
and their 2 light chains which mediate attachment to cargo. These domains main roles are
to transport organelles, vesicles, and other cargo along the MTs of the cell (Endow et al.
2010). In fungi, kinesins appear to aid in the budding and separation of hyphae within the
cell by the cellular transport of endosomes along MTs (Wedlich-Soldner 2002). It has
been determined in some fungal systems that the redistribution of endosomes by kinesin
domains, while not necessary for pathogen function (Bieger et al. 2020), seems to be
responsible for continued, guided growth of the fungal hyphae. Schuchardt et al. describe
varying phenotypic changes in deleterious mutants of kinesins in Ustilago maydis
causing irregular, short hyphal growth (Schuchardt et al. 2005). It remains to be seen if
viral infection inducing a down regulation of kinesin domains affects the pathogenic
potential of S. sclerotiorum, but the loss of these kinesin domains may be a contributing
factor to the fungi’s attenuated growth rate.
iii. Methyltransferase
Figure 2 describes a down regulation of a methyltransferase. Other studies have
indicated a relation of methyltransferases to colony and hyphal development (Lukito et
al. 2020), appressorium formation, cell wall formation, and peroxisome formation (Zhao
et al. 2020). Methyltransferase related to cell membrane lipid conversions have already
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been shown to play roles in some species for hyphal elongation (Oura et al. 2010).
Furthermore, there is broad study on methyltransferase’s roles in the development of
pathogen factors and mycotoxins including: ergothioneine, aflatoxins, histone-modifiers
for fungal infection, and peptide chain modifiers (Pustelny et al. 2013, Gu et al. 2017, Li
et al. 2017, Liang et al. 2017, Misson et al. 2018). Inhibition of DNA methyltransferase
inhibitors, for example, have been shown to inhibit infection of Rhipicephalus microplus
by the pathogenic fungus Metarhizium anisopliae (Sbaraini et al. 2019). It would require
further knockout mutant assays to determine phenotypes caused by the loss of
methyltransferase enzymes. Assays to determine the specific substrate and pathway
followed would also be necessary.
VI. Conclusion
Hypovirulence-inducing mycoviruses cause a wide-range of differential gene
expression in fungi by infection. SlaGemV-1’s hypovirulence may be explained by genes
of particular interest can be those associated with hyphal growth, cell wall integrity, and
environmental decontamination such as kinesin and cytochrome P450 systems.
Methyltransferase genes have an incredibly wide-range of effects such as lipid
modifications, protein modifications, and histone modifications which can control hyphal
growth, mycotoxin development, and the regulation of pathogenicity factors Further
research with knockdown mutants of targeted kinesin, cytochrome P450-related genes,
and methyltransferase could be done to visualize whether these genes are required for
fungal infection. The conjunction of these genes together, and the observed phenotype of
S. sclerotiorum hypovirulence, may give insight into the causality of the induced
hypovirulence.
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This research into the differential expression caused by the induction of
virus-mediated hypovirulence has focused largely on the down regulation of cytochrome
P450, methyltransferase groups, and kinesin motor domains to attempt to explain the
reduction of growth. However, further research must be done into the upregulated gene
groups as well including changes in glucose and pyruvate metabolic processes.
Furthermore, up and down regulated gene groups were recognized, but the phenotypic
change may be more accurately attributed to modulations of upstream transcription
factors. Further study into the upstream relationships of both the down regulated and
upregulated gene groups is necessary for determination of a genetic reason for the
phenotypic change.
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Chapter 3: Soybean Gene Differential Expression
I. Abstract
Soybean leaf associated gemycircularvirus 1 (SlaGemV-1) belongs to genus
Gemygovirus that infects and causes hypovirulence in Sclerotiniaceae fungi, a group of
economically important plant pathogens. SlaGemV-1 infected Sclerotinia sclerotiorum
have slightly slower growth and grows endophytically in plants without causing disease.
A resistance to pathogenic S. sclerotiorum was observed in plants after inoculation with
nonpathogenic, SlaGemV-1-infected S. sclerotiorum. In this study, I aimed to determine
the mechanisms of observed resistance. Four replications of soybean seeds were placed
by the inoculum of SlaGemV-1 infected S. sclerotiorum or by the autoclaved media as a
negative control in comparison. At V3, leaves were sampled and flash-frozen to be stored
at -80°C. Afterward, the plants were challenged with wild-type S. sclerotiorum and some
resistance was observed. Total RNA was collected from the stored leaves and used for
RNA-seq to determine the mechanisms involved in the observed induced resistance.
RNA-seq analysis detecting log 2 change in gene expression determined 1,454
differentially expressed genes including many of which are involved in the systematically
acquired resistance and salicylic biogenesis pathways.
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II.Introduction
Soybean is an economically important crop which is highly useful as a food crop,
feed crop, and oil crop. The USA is currently the world’s top producer of soybean and is
projected to export as much as 54% of its 2021 crop (USDA 2021). Soybean is also
responsible for the health of crops in alternating seasons. Planting soybean in between
corn rotations is shown to increase yield as a result of increased nutrient availability
(Porter et al. 1997). Colonization of soybean roots by rhizobacteria can lead to nodule
formation on the root to protect the bacteria for nitrogen fixation reactions (Delves et al.
1986). Crop rotation of soybean helps with fixation of nitrogen and other nutrients in the
soil in between other crops such as corn.
SlaGemV-1 shows promise in reprogramming pathogenic S. sclerotiorum to
become non-pathogenic and further indirectly modulate soybean immunity by the
induction of systemic resistance in soybean. Preliminary data have shown the possibility
that virus-infected fungi inoculated to plant roots can induce long-distance resistance to
pathogenic fungi inoculated elsewhere in the plant. Viral extraction currently shows no
evidence of viral particles travelling through the vascular system to infect the pathogen. I
hypothesize that this is a form of either Systemic Acquired Resistance (SAR) or Induced
Systemic Resistance (ISR). SAR is induced by pathogens while ISR is induced by
beneficial rhizosphere microbes (Romera et al. 2019). These systems should be relatively
easy to identify by their characteristic up regulation of salicylic acid (Schneider et al.
1996) in SAR pathways or jasmonic acid and ethylene (Choudhary et al. 2007) in ISR
pathways. While it may be viable to measure salicylic acid, jasmonic acid, and ethylene
through extractions/quantifications (Bassi et al. 1989, Engelberth et al. 2003), it would be
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much more efficient to measure these pathways and other defense pathways through a
genome-wide RNA-seq approach (Gao et al. 2013, Yang et al. 2015, Deng et al. 2018).
Hypovirulent S. sclerotiorum has already been shown to possess the ability to
grow endophytically in plant roots while also potentially improving the yield of colonized
crops and preventing further fungal colonization (Tian et al. 2020, Zhang et al. 2020). I
propose an experiment in which I inoculate the now-hypovirulent fungi to soil before the
planting of soybean seeds to visualize the phenotypic changes caused. I Also hope to see
similar results to Tian et al and Zhang et al in relation to some sort of induced resistance
caused by the hypovirulent fungal colonization. I hypothesize that inoculation of soil with
hypovirulent S. sclerotiorum will trigger the up regulation of plant defense pathways and
To determine the differences in gene expression between soybean grown with and
without the virus-infected DK3, I will take an RNA-Seq bioinformatic approach.
Bioinformatic analysis of the transcriptomes of soybean grown without DK3-V and
soybean grown with DK3-V (SB and SBV) should shed light on the differential
expression caused by the now hypovirulent fungi. Leaf collection and storage at V3
should ideally give differential expression measurements related to the potential
resistance priming that I am giving to the plant. Priming is a studied phenomenon of
mycorrhizal associations leading to an induction of disease resistance. Plants which have
symbiotic mycorrhizal associations have been shown to either activate defense responses
quicker or to activate them more aggressively. This priming can be replicated with the
treatment of seeds with defense pathway-related metabolites such as salicylic acid or
jasmonic acid (Jakab et al. 2001, Worrall et al. 2012, Song et al. 2015).
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Through RNA-Seq techniques I hope to detect the induction of resistance
pathways caused by the priming of soybean with hypovirulent S. sclerotiorum. I
anticipate up regulation of pathogen resistance pathways such as induced systemic
resistance or systemic acquired resistance and will be looking for the regulation of genes
related to salicylic acid, jasmonic acid, and ethylene.
III. Materials and Methods
i. Growth of millet inoculum
Millet inoculum was made with DK3-V grown on PDA plates. Millet was soaked
for 24 hours with a ratio of 1L millet: 1L water. Water was drained, then 300mL of water
was added back to the millet before trays were covered in 2 layers of aluminum foil,
autoclaved, cooled, and autoclaved again. 4 whole PDA plates of DK3-V were mixed
into the millet inoculum with a sterile tool. After 3 days the millet was mixed again and
left to grow for a further 3 days. The millet was then air dried under a hood for 5 days
and stored in plastic bags at 4℃. Before planting seeds, millet inoculum was mixed into
the potting mix to ensure colonization of plant roots. Soybean samples grown with the
millet inoculum were designated SBV1-4 and soybean samples grown with uncultured,
autoclaved millet were designated SB1-4. An example of millet inoculum with fungal
growth can be seen in Figure 3 which shows the millet during the growth/stirring stage
before being air dried and stored for use.
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Figure 3. Example of millet inoculum during the fungal growth stage before drying. S. sclerotiorum infected
with SlaGemV-1 is grown for a week on autoclaved millet being stirred twice before being air dried for a
week and stored indefinitely at 4℃.

ii. Cut stem assay
6 WT soybean plants were grown. 3 were grown with millet inoculum inoculated
with the DK3-V and the other 3 were grown with sterile, autoclaved millet mixed into the
soil. At growth stage V3, a cut-stem assay was performed on the soybean stalks to
inoculate with WT S. sclerotiorum (Hoffman et al. 2002); the tip of soybean plant was
cut off, and a plug of WT S. sclerotiorum fungus was placed on top, stabilized by a
pipette tip and parafilm. I measured the lesion from day 1 to day 5. At growth stage V3,
before the inoculation of fungal plugs, leaf samples were taken and frozen at -80℃ for
later RNA extraction to look for potential differential expression changes caused by the
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soil inoculum. Pictures were taken at 3 dpi to visualize lesion growth and phenotypic
change which can be seen in Figure 4.
iii. RNA-Seq analysis
Total RNA was collected from soybean tissue prior to pathogen inoculation and
frozen at -80℃ for extraction. Extraction was done using mirVanaTM miRNA Isolation
Kit (Ambion, Austin, TX, USA) using approximately 150mg of soybean leaf tissue.
Libraries for RNA-Seq were built by sending total-RNA extracts to Novogene (Beijing,
China) for sequencing. Libraries were built for SB1-4 and SBV1-4.
RNA-Seq analysis was undergone through the South Dakota State University
Roaring Thunder Cluster. First, reads had their library adapters trimmed by BBDuk
(Bushnell 2020) allowing for 1 mis-match. Then the quality of the reads was checked
through FastQC (Wingett et al. 2018). Next, genome alignment was done using HISAT2
(Kim et al. 2015) suite of tools utilizing NCBI databases for soybean genomes for
alignment. File conversions were done through samtools (Li et al. 2009) to sort the .bam
output files and subread (Liao et al. 2013) was used to output a feature counts text file for
differential expression analysis. For the annotation of S. sclerotiorum genes, cufflinks
(Trapnell et al. 2012)was used to convert the .gff3 annotation to a .gtf file. Differential
expression analysis was done through the DESeq2 (Love et al. 2014) package in R (R
Core Team 2020) as well as through sdstate iDEP (Porat et al. 2018) analysis software.
Soybean gene ontology analysis was undergone through the USDA SoyBase (Grant et al.
2010). SBV4 was dropped from analysis after not correctly clustering with SBV1-3.
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iv. Arabidopsis mutant trials
3 Arabidopsis mutants were acquired for trials to test the efficacy of metabolites
for defense against DK3 with DK3V inoculant. Arabidopsis mutants SALK_035548,
CS3071, and CS3802 were challenged with DK3V to determine which pathways are
most necessary for the observed induced resistance against the WT DK3. SALK_035548
is a T-DNA insertional mutant disrupting the crucial ISR gene coi1. CS3071 is a mutant
disrupting the gene ein2, a gene necessary for ET-regulated defense signals. CS3802 is a
mutant disrupting the gene npr1, a necessary component of SA-mediated SAR. Seeds
were surfaced sterilized and grown on MS media for 10 days. Seedlings were then
transplanted into trays. 16 seedlings were planted to 8 sections of trays for each mutant
and WT. After 2 days and 3 days growth, DK3V homogenate was sprayed to all plants at
varying OD600 levels: 0.5, 1.0 and 2.0. Pictures were taken after 1 week. After another
week plants were challenged with 10 µL of DK3 homogenate. 3 days later plants were
challenged with agar plugs of DK3. Pictures were taken 32 days post the homogenate
spray; 8 days post agar plug inoculation. Disease severity was rated on a scale of 0-5,
0=good 5=bad.
IV. Results
i. Cut stem assay
Inoculation of DK3-V to the seeds of soybean produced grown plants which could
resist further infection of virus-free S. sclerotiorum in cut-stem assays, Figure 4. At 3 dpi
soybean grown without the SlaGemV-1-infected inoculant showed greater levels of
wilting, yellowing, and lesion growth. I hypothesized that perhaps the viral particles
would travel through plant vascular tissue however, no viral DNA was detected in the
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leaf tissues, so some other mechanism must be causing this resistance. I hypothesized that
the long-distance, SAR pathway is induced, which is known to offer broad spectrum
protection against other pathogens.

Figure 4. Increased resistance to the white mold by SlaGemV-1 virus as a soil inoculum. A comparison
of the cut-stem assay for lesion size between 3 replications of virus-free soil (left) and 3 replications of
virus-infested soil (right) three days post inoculation.

ii. DESeq2 analysis results
DESeq2 analysis using R packages showed total of 1454 differentially expressed
genes with a padj cutoff of 0.05 and a log2-fold change ≠ 0 which can be visualized in
Figure 5. SBV4 was removed from analysis as it had incorrectly clustered with SB-14
and was likely not properly colonized by the hypovirulent fungi. The DE shown in Figure
5 A and C shows clear separation in expression between the DK3V-colonized and WT
lines, while B and D show the number of differentially expressed genes, up and down,
with a padj cut-off of ≤ 0.05.
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Figure 5. Differential expression analysis of soybean grown with and without hypovirulent DK3-V. (A) PCA
biplot showing the clustering of similar samples of soybean with and without colonization of DK3-V. (B)
All over and under expressed genes with coloring indicating a padj value ≤ 0.05. (C) Heatmap detailing the
relative gene differentiation between the two sample groups caused by colonization of DK3-V. (D) Volcano
plot showing differential expression caused by DK3-V based on log2 fold change ≠ 0 and an expected padj
value ≤ 0.05.

iii. Gene ontology enrichment of differentially expressed genes in Soybean.
Gene differential expression between control soybean and soybean grown with
DK3-V was done through GO enrichment analysis through soybase.org. Log2-fold
change ≠ 0 was used to determine 1,454 differentially expressed genes between the two
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groups of soybean for the GO enrichment for pathway analysis. Table S 1-Table S 3
show GO annotation categories for biological processes, cellular components, and
molecular functions, respectively for the virus-infected sample.
Systemic acquired resistance genes were determined to be differentially expressed
with 5 GO pathways being overrepresented: GO:0009627, GO:0009696, GO:0009862,
GO:0009751, and GO:0071446. Some salicylic acid pathways were also shown to be
underrepresented: GO:0009697 and GO:0009863. The analysis shows that the
overrepresented groups appear to be related to the sensing of salicylic acid and the
signaling of the SAR pathway, while the underrepresented groups are related to the
biosynthesis of salicylic acid. Indicators of the ISR pathway via jasmonic acid are also
presently overrepresented: GO:0009694, GO:0009682, GO:0080141, GO:0009871,
GO:0009867, GO:0009695, and GO:0009864. The jasmonic acid pathway which shows
underrepresentation is GO:0009753 which is responsible for jasmonic acid stimulus.
Genes related to defense against fungi were found differentially expressed. 7 genes
related to Defense response to fungi (GO:0050832) were differentially expressed:
Glyma.13G053600, Glyma.13G053700, Glyma.16G158200, Glyma.16G170800,
Glyma.16G171200, Glyma.16G174100, and Glyma.16G183500.
iv. Arabidopsis mutant trials
Results from the DK3V inoculations of Arabidopsis mutants and their subsequent
challenge with WT S. sclerotiorum can be seen in Figure 6 - Figure 8 for each of the
three tested OD600 levels. Table 1 shows health rating of the plants 8 days post WT
inoculation. Figure 9 shows mutant strains vs their corresponding disease severity rating
faceted by the OD600 treatment and ANOVA measurements using WT as the comparing
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group. CS3071 is the only mutant line appearing to have a statistically significant
increase in disease severity in absence of DK3V priming, although other groups may
come close. As DK3V priming inoculant is added, disease severity appears to mostly not
change. However, CS3802 shows statistically lessened severity at OD600 1.0 and CS3071
shows statistically lessened severity at OD600 2.0. Figure 10 shows OD600 treatments vs
their corresponding disease severity ratings faceted by mutant lines and ANOVA
measurements using OD600 = 0 as the comparing group. Disease severity without DK3V
priming is greatest with mutant CS3071. Although not significant, Figure 10 appears to
show that all mutants may be more susceptible. At OD600 0.5 disease severity for all
mutants appears the same as WT. At OD600 1.0 SALK_035548 and CS3071 are identical
to WT, but CS3802 shows significantly lower levels of disease severity. At OD600 2.0,
again, CS3071 shows the least severity.
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Table 1. Arabidopsis mutants treated with DK3V, challenged with DK3 at 8 dpi. Scale used to determine
infection severity: 0-5, 0=good 5=bad. Preliminary results indicate that the deletion of key pathway-related
genes may modulate plant response to priming/infection.

SALK_035548

0.5

2
2
5
2
2
2

1.0

1
1
1
1
1
1

2.0

2
2
1
1
2
2

0

5
5
1
0
5
2

CS3071
2
2
5
1
2
5
0
1
5
0
0
1
2
2
0
1
1
1
5
3
3
3
5
3

CS3802
2
2
2
2
5
5
0
0
1
0
0
0
5
2
1
2
5
2
3
3
1
1
1
2

WT
2
5
4
1
2
4
1
0
2
1
1
1
5
2
3
4
3
1
0
2
1
1
1
1
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Figure 6. Arabidopsis mutants challenged with OD 0.5 spray of DK3V and later inoculation of DK3 at 8 dpi.
Left to right: CS3071, SALK_035548, CS3802, and WT. Picture taken 8 dpi with virus-free S. sclerotiorum.

Figure 7. Arabidopsis mutants challenged with OD 1.0 spray of DK3V and later inoculation of DK3 at 8 dpi.
Left to right: CS3802, SALK_035548, CS3071, and WT. Picture taken 8 dpi with virus-free S. sclerotiorum.
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Figure 8. Arabidopsis mutants challenged with OD 2.0 spray of DK3V and later inoculation of DK3 at 8 dpi.
Left to right: CS3802, SALK_035548, CS3071, and WT. Picture taken 8 dpi with virus-free S. sclerotiorum.
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Figure 9. Mutant lines vs disease severity rating faceted by OD value. Statistical analysis done with ANOVA
and individual comparisons done using t-test.
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Figure 10. OD value vs disease severity rating faceted by different mutant lines. CS3802 and CS3071 seem
to respond positively to priming inoculation, whereas the WT seems to show increased susceptibility.
Statistical analysis done with ANOVA and individual comparisons done using t-test.

V.Discussion
i. Biopesticide use
The millet inoculum only requires millet, water, and the hypovirulent S.
sclerotiorum to be grown, making it extraordinarily inexpensive to produce. Millet could
easily be regenerated by reserving leftover millet inoculum as a primer for a new batch,
allowing this process to be easily overseen in even a farm setting. For effective field
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inoculation, one should expect it necessary to only apply millet inoculum once after
planting of the seeds for effecting inoculation and induction of plant immune systems.
ii. Plant innate immune system
Plant immunity to pathogens is reliant on complex systems of hormone signaling.
Three hormone pathways of interest in this study include: salicylic acid (SA), jasmonic
acid (JA), and ethylene (ET) signaling, which all play roles in plant immunity
(Vidhyasekaran 2015). Pathogen-associated molecular patterns (PAMP) are responsible
for induction of resistance pathways. SA biosynthesis is triggered by Ca2+ cascades
triggered by the PAMP systems inducing the conversion of benzoic acid → SA. This
conversion is a complex cascade triggered by the activation of benzoic acid 2hydroxylase and presence of nitric oxide. SA then acts as an allosteric activator for
transcription factor enzymes to allow the expression of important host-defense genes.
This biosynthesis of SA for the induction of plant resistance is known as systemic
acquired resistance, or SAR (Vidhyasekaran 2015).
Like SA pathway induction, the JA pathway is also activated by PAMP signaling.
Ca2+ cascades lead to the biosynthesis of JA in the cell, also in the presence of nitric
oxide. JA-mediated defense signaling is inhibited by a protein complex of JAZ-NINJATOPLESS with JAZ acting as an allosteric inhibitor of the TF MYC2, NINJA bridging a
connection between JAZ and TOPLESS, and TOPLESS acting as a corepressor silences
gene expression. Biosynthesis of JA leads to production of the bioactive JA-isoleucine
which acts as a bridge to selectively bind JAZ and COI1. The JAZ-COI1 complex
triggers poly-ubiquitination of JAZ, leading to destruction in the proteasome and free
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expression of JA-related defense genes (Vidhyasekaran 2015). The JA signaling pathway
is an inducer of the ISR pathway for plant resistance.
ET signaling pathway is also activated by PAMP signals. PAMP signals trigger
Ca2+ cascades, G-protein activation, and CA2+-dependent protein kinases. This pathway
makes particular use of ubiquitin and proteasome degradation. ET signal activation
begins with the binding of ET to different classes of membrane-bound receptors at the
transmembrane domain. Each receptor acts differently with their own function. CTR1 is
an important regulator of the ET pathway, acting just downstream of the receptors, CTR1
directly phosphorylates, and deactivates, EIN2. EIN2 is responsible for the activation of
the transcription factors EIL1 and EIN3. EIN3 is normally suppressed in absence of ET
by ubiquitin-proteasome destruction and is responsible for attaching to the TF ERF1,
which in turn selectively attaches to the promoters of pathogenesis-related genes. Upon
ET biosynthesis, inhibition of EIN2 will cease. ET perception by receptors triggers
inhibition of CTR1 and cleavage and the nuclear localization site of the EIN2 C-terminus.
ET signals suppress the ubiquitin-proteasome pathway and stabilizes the EIN2 protein.
This pathway of resistance induction appears to be related to, and work in conjunction
with JA as a part of the ISR pathway (Vidhyasekaran 2015).
iii. Induced systemic resistance (ISR)
Induced systemic resistance is a pathway co-induced by ET and JA signals
(Pieterse et al. 1998). ISR is induced by the presence of non-pathogenic rhizobacteria
triggering plant immunity. The effect is so substantial that heat-killed bacteria were seen
to be as successful at inducing the resistance pathway as were live bacteria (Van Peer et
al. 1992). Selective deletion of COI1 could prove a useful tool in the attenuation of ISR
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response by preventing the poly ubiquitination of JAZ without compromising the
biosynthesis of JA and its other, potentially unrelated effects.
iv. Systemic acquired resistance (SAR)
Systemic acquired resistance is a pathway induced by the formation of necrotic
lesions in plants to upregulate the expression of defense genes (Ryals et al. 1996). This
pathway is characterized by its induction of wide-range resistance to other pathogens
(Ryals et al. 1994, Ryals et al. 1996) as well as its requirement of salicylic acid for the
signal inductions (Gaffney et al. 1993). It has been shown that endophytically growing,
attenuated fungi are able to influence the SA and SAR pathways for acquired resistance
(Tian et al. 2020). SA-deficient mutant plants may help elucidate the necessity of SAR
induction for the resistance against the hypovirulent fungus and subsequent resistance to
further pathogen inoculation.
v. Arabidopsis mutant trials
WT in Figure 10 shows increased severity at OD 0.5 and OD 2.0 with no change
at OD 1.0. CS3071 insertional mutant for the disruption of ethylene sensitivity appears to
be the mutant least responsible for primed resistance against S. sclerotiorum. Figure 9
shows that while CS3071 leads to much higher disease severity without priming, at
higher levels of priming, OD 2.0, the deletion mutant displays the most robust resistance
to pathogen colonization. Figure 10 shows even greater evidence of this. Compared to
OD 0 priming, OD 1.0 and OD 2.0 priming led to statistically significant decreases in
disease severity at 8 dpi. CS3802 mutant for disruption of SA-mediated defense pathways
shows decreased severity at OD 1.0 compared to other mutants in Figure 9 and no change
at other levels. In Figure 10 CS3802 showed decreased severity in at OD 1.0.
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SALK_035548 mutant for JA-mediated defense showed no significant changes. The
results indicate that JA mediated ISR may be less important for induced resistance than
ET or SA. Further tests are needed to confirm this.
VI.Conclusion
The evidence provided indicates that utilization of hypovirulent DK3 by way of a
viral infection may pose an effective strategy for reduction of crop losses to S.
sclerotiorum. Up-regulation of defense pathways related to JA and SA signaling in
presence of non-pathogenic colonization seem to have led to heightened plant resistance
when challenged with WT DK3. This provides potential groundwork for the development
of mutants to confirm these findings.
Treatment of Arabidopsis thaliana mutants with deficiencies in these targeted
resistance pathways may prove useful to confirm the effectiveness of the pathways
individually as well as together. NPR1 lies just upstream of both the ISR and SAR
pathways. Deletion mutants of NPR1 could potentially be compared to individual
deletion mutants of the ET, SA, and JA pathways. Comparing both these mutant lines
individual resistances to the hypovirulent DK3 as well as their ability to challenge further
infection could bring new avenues of research to explore. One potential method of further
study would be to use deleterious mutants to determine the most prevalent defense
pathway for this phenotype, then construct a new mutant with amplification of pathway
limiting genes and promoters. Transient expression of the pathways may come at a cost
to the plant’s metabolism, so selectively amplifying the promoters and genes of pathway
bottlenecks may help speed up the rate at which the pathway is induced or instigate a
more aggressive defense response. For example: The SA pathway could potentially be
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sped up by selective amplification of benzoic acid 2-hydroxylase which is responsible for
SA synthesis along with its promoter to prevent transient expression. Further repeats of
the Arabidopsis mutant challenges outlined in the methods and results are necessary. The
foliar spray inoculum did not seem to apply the viral homogenate effectively compared to
the millet inoculum discussed earlier.
This study gives insight to the genotypic changes in plant by inoculation of a
normally virulent, now hypovirulent, strain of S. sclerotiorum. The genotypic changes not
only provide an interesting view into the pathways involved in this resistance induction,
but also exciting possibilities for the development of plant mutants. This also provides a
proof of concept for the use as SlaGemV-1 as a legitimate biostimulant for the
upregulation of innate immune responses and the reduction of pathogenicity from further
infections.
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APPENDIX
Table S 1 GO annotation for biological processes were determined through SoyBase analysis utilizing
differentially regulated genes determined through DESeq2 and edgeR analysis through Rstudio..

Glyma Name

Annotation ID

Description

Glyma.01g033300

GO:0007165

signal transduction

Glyma.01g046900

GO:0007165

signal transduction

Glyma.03g052800

GO:0007165

signal transduction

Glyma.13g194900

GO:0007165

signal transduction

Glyma.15g196500

GO:0007165

signal transduction

Glyma.16g137000

GO:0007165

signal transduction

Glyma.16g169400

GO:0007165

signal transduction

Glyma.16g169700

GO:0007165

signal transduction

Glyma.16g170800

GO:0007165

signal transduction

Glyma.16g171200

GO:0007165

signal transduction

Glyma.16g174100

GO:0007165

signal transduction

Glyma.16g176900

GO:0007165

signal transduction

Glyma.16g183500

GO:0007165

signal transduction

Glyma.01g072800

GO:0030154

cell differentiation

Glyma.03g083600

GO:0006810

transport

Glyma.14g000100

GO:0006810

transport

Glyma.15g221100

GO:0006810

transport

Glyma.04g180300

GO:0040007

growth
carbohydrate

Glyma.09g031600

GO:0005975
metabolic process
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carbohydrate
Glyma.15g207800

GO:0005975
metabolic process
carbohydrate

Glyma.16g175800

GO:0005975
metabolic process
post-embryonic

Glyma.13g053600

GO:0009791
development
post-embryonic

Glyma.13g053700

GO:0009791
development

Glyma.13g053600

GO:0016049

cell growth

Glyma.13g053700

GO:0016049

cell growth

Glyma.15g244400

GO:0006412

translation

Glyma.U004700

GO:0006412

translation

Glyma.15g250600

GO:0015979

photosynthesis

Glyma.18g011800

GO:0015979

photosynthesis

Glyma.17g209900

GO:0006629

lipid metabolic
process
multicellular
Glyma.19g056400

GO:0007275
organismal development

Table S 2 GO annotation for cellular components were determined through SoyBase analysis utilizing
differentially regulated genes determined through DESeq2 and edgeR analysis through Rstudio.

Glyma Name

Annotation ID

Description

Glyma.01g006000

GO:0005634

nucleus

Glyma.06g103300

GO:0005634

nucleus
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Glyma.06g324400

GO:0005634

nucleus

Glyma.07g099100

GO:0005634

nucleus

Glyma.08g271300

GO:0005634

nucleus

Glyma.10g157500

GO:0005634

nucleus

Glyma.11g211300

GO:0005634

nucleus

Glyma.12g158300

GO:0005634

nucleus

Glyma.15g250700

GO:0005634

nucleus

Glyma.16g005500

GO:0005634

nucleus

Glyma.16g137000

GO:0005634

nucleus

Glyma.16g175900

GO:0005634

nucleus

Glyma.17g162600

GO:0005634

nucleus

Glyma.18g082500

GO:0005634

nucleus

Glyma.19g056400

GO:0005634

nucleus

Glyma.19g136600

GO:0005634

nucleus

Glyma.20g135400

GO:0005634

nucleus

Glyma.01g033300

GO:0005622

intracellular

Glyma.01g046900

GO:0005622

intracellular

Glyma.03g052800

GO:0005622

intracellular

Glyma.13g194900

GO:0005622

intracellular

Glyma.16g137000

GO:0005622

intracellular

Glyma.01g046900

GO:0005737

cytoplasm

Glyma.01g115100

GO:0005737

cytoplasm

Glyma.02g024600

GO:0005737

cytoplasm
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Glyma.02g228100

GO:0005737

cytoplasm

Glyma.03g052800

GO:0005737

cytoplasm

Glyma.03g111000

GO:0005737

cytoplasm

Glyma.03g113200

GO:0005737

cytoplasm

Glyma.07g059000

GO:0005737

cytoplasm

Glyma.10g157500

GO:0005737

cytoplasm

Glyma.13g194900

GO:0005737

cytoplasm

Glyma.15g187300

GO:0005737

cytoplasm

Glyma.15g213000

GO:0005737

cytoplasm

Glyma.17g200900

GO:0005737

cytoplasm

Glyma.17g209900

GO:0005737

cytoplasm

Glyma.U004700

GO:0005737

cytoplasm

Glyma.01g109800

GO:0005794

Golgi apparatus

Glyma.04g180400

GO:0005794

Golgi apparatus

Glyma.19g148800

GO:0005794

Golgi apparatus

Glyma.01g115100

GO:0005886

plasma
membrane
plasma
Glyma.04g180300

GO:0005886
membrane
plasma

Glyma.05g030400

GO:0005886
membrane
plasma

Glyma.07g009700

GO:0005886
membrane
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plasma
Glyma.08g119500

GO:0005886
membrane
plasma

Glyma.09g219800

GO:0005886
membrane
plasma

Glyma.12g132600

GO:0005886
membrane
plasma

Glyma.13g053600

GO:0005886
membrane
plasma

Glyma.13g053700

GO:0005886
membrane
plasma

Glyma.13g190200

GO:0005886
membrane
plasma

Glyma.15g213000

GO:0005886
membrane
plasma

Glyma.15g221100

GO:0005886
membrane
plasma

Glyma.15g226800

GO:0005886
membrane
plasma

Glyma.16g169700

GO:0005886
membrane
plasma

Glyma.16g175800

GO:0005886
membrane
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plasma
Glyma.17g200900

GO:0005886
membrane
plasma

Glyma.17g205900

GO:0005886
membrane
plasma

Glyma.17g214200

GO:0005886
membrane
plasma

Glyma.17g214400

GO:0005886
membrane
plasma

Glyma.18g082500

GO:0005886
membrane
plasma

Glyma.20g118300

GO:0005886
membrane

Glyma.01g122300

GO:0005829

cytosol

Glyma.11g139100

GO:0005829

cytosol

Glyma.12g062700

GO:0005829

cytosol

Glyma.14g038500

GO:0005829

cytosol

Glyma.14g164900

GO:0005829

cytosol

Glyma.15g250700

GO:0005829

cytosol

Glyma.16g175900

GO:0005829

cytosol

Glyma.17g209900

GO:0005829

cytosol

Glyma.03g083600

GO:0005739

mitochondrion

Glyma.03g111000

GO:0005739

mitochondrion

Glyma.12g156500

GO:0005739

mitochondrion
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Glyma.13g190200

GO:0005739

mitochondrion

Glyma.14g164900

GO:0005739

mitochondrion

Glyma.15g236000

GO:0005739

mitochondrion

Glyma.15g244400

GO:0005739

mitochondrion

Glyma.17g210100

GO:0005739

mitochondrion

Glyma.19g123700

GO:0005739

mitochondrion

Glyma.04g004200

GO:0005576

extracellular
region
extracellular
Glyma.04g180400

GO:0005576
region
extracellular

Glyma.06g193800

GO:0005576
region
extracellular

Glyma.09g031600

GO:0005576
region
extracellular

Glyma.11g139100

GO:0005576
region
extracellular

Glyma.12g062700

GO:0005576
region
extracellular

Glyma.13g053600

GO:0005576
region
extracellular

Glyma.13g053700

GO:0005576
region
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extracellular
Glyma.13g190400

GO:0005576
region
extracellular

Glyma.13g190800

GO:0005576
region
extracellular

Glyma.14g000100

GO:0005576
region
extracellular

Glyma.14g038500

GO:0005576
region
extracellular

Glyma.15g233400

GO:0005576
region
extracellular

Glyma.16g175800

GO:0005576
region
extracellular

Glyma.17g212200

GO:0005576
region
extracellular

Glyma.19g135600

GO:0005576
region
extracellular

Glyma.19g148800

GO:0005576
region
extracellular

Glyma.19g152100

GO:0005576
region
extracellular

Glyma.19g224500

GO:0005576
region

Glyma.04g004200

GO:0016020

membrane

64
Glyma.05g030400

GO:0016020

membrane

Glyma.13g053600

GO:0016020

membrane

Glyma.13g053700

GO:0016020

membrane

Glyma.13g190200

GO:0016020

membrane

Glyma.14g000100

GO:0016020

membrane

Glyma.15g196500

GO:0016020

membrane

Glyma.15g221100

GO:0016020

membrane

Glyma.U004700

GO:0016020

membrane

Glyma.04g004200

GO:0005618

cell wall

Glyma.15g221100

GO:0005618

cell wall

Glyma.16g170800

GO:0005618

cell wall

Glyma.16g171200

GO:0005618

cell wall

Glyma.16g174100

GO:0005618

cell wall

Glyma.16g175800

GO:0005618

cell wall

Glyma.16g183500

GO:0005618

cell wall

Glyma.04g180400

GO:0005768

endosome

Glyma.07g099100

GO:0005730

nucleolus

Glyma.14g038500

GO:0005783

endoplasmic
reticulum
endoplasmic
Glyma.15g221100

GO:0005783
reticulum

Glyma.15g221100

GO:0005773

vacuole

Glyma.15g244400

GO:0005840

ribosome
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Glyma.19g123700

GO:0005777

peroxisome

Table S 3 GO annotation for molecular functions were determined through SoyBase analysis utilizing
differentially regulated genes determined through DESeq2 and edgeR analysis through Rstudio.

Glyma Name

Annotation ID

Glyma.01g115100

GO:0005198

Description
structural molecule
activity

Glyma.03g083600

GO:0005215

transporter activity

Glyma.05g030400

GO:0005215

transporter activity

Glyma.14g000100

GO:0005215

transporter activity

Glyma.15g221000

GO:0005215

transporter activity

Glyma.15g221100

GO:0005215

transporter activity

Glyma.03g111000

GO:0000166

nucleotide binding

Glyma.03g113200

GO:0000166

nucleotide binding

Glyma.13g034000

GO:0000166

nucleotide binding

Glyma.16g137000

GO:0000166

nucleotide binding
transferase activity,

Glyma.04g180300

GO:0016772

transferring phosphoruscontaining groups
transferase activity,

Glyma.10g157500

GO:0016772

transferring phosphoruscontaining groups
transferase activity,

Glyma.12g132600

GO:0016772

transferring phosphoruscontaining groups

66
transferase activity,
Glyma.13g053600

GO:0016772

transferring phosphoruscontaining groups
transferase activity,

Glyma.13g053700

GO:0016772

transferring phosphoruscontaining groups
transferase activity,

Glyma.15g226800

GO:0016772

transferring phosphoruscontaining groups
transferase activity,

Glyma.17g214200

GO:0016772

transferring phosphoruscontaining groups
transferase activity,

Glyma.17g214400

GO:0016772

transferring phosphoruscontaining groups
transferase activity,

Glyma.19g152100

GO:0016772

transferring phosphoruscontaining groups
transferase activity,

Glyma.20g118300

GO:0016772

transferring phosphoruscontaining groups

Glyma.06g103300

GO:0003677

DNA binding

Glyma.16g005500

GO:0003677

DNA binding

67
Glyma.19g056400

GO:0003677

DNA binding
sequence-specific

Glyma.06g103300

GO:0003700

DNA binding transcription
factor activity
sequence-specific

Glyma.06g324400

GO:0003700

DNA binding transcription
factor activity
sequence-specific

Glyma.16g005500

GO:0003700

DNA binding transcription
factor activity
sequence-specific

Glyma.19g056400

GO:0003700

DNA binding transcription
factor activity

Glyma.06g324400

GO:0005515

protein binding

Glyma.07g099100

GO:0005515

protein binding

Glyma.13g190400

GO:0005515

protein binding

Glyma.13g190800

GO:0005515

protein binding

Glyma.14g164900

GO:0005515

protein binding

Glyma.15g196500

GO:0005515

protein binding

Glyma.15g221000

GO:0005515

protein binding

Glyma.15g233400

GO:0005515

protein binding

Glyma.15g250600

GO:0005515

protein binding

Glyma.19g135600

GO:0005515

protein binding
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Glyma.20g135400

GO:0005515

protein binding

Glyma.10g157500

GO:0016301

kinase activity

Glyma.12g132600

GO:0016301

kinase activity

Glyma.13g053600

GO:0016301

kinase activity

Glyma.13g053700

GO:0016301

kinase activity

Glyma.15g226800

GO:0016301

kinase activity

Glyma.16g169400

GO:0016301

kinase activity

Glyma.16g169700

GO:0016301

kinase activity

Glyma.16g176900

GO:0016301

kinase activity

Glyma.17g162600

GO:0016301

kinase activity

Glyma.17g214200

GO:0016301

kinase activity

Glyma.17g214400

GO:0016301

kinase activity

Glyma.19g152100

GO:0016301

kinase activity

Glyma.20g118300

GO:0016301

kinase activity

Glyma.15g196500

GO:0004871

signal transducer
activity
Glyma.15g207800

GO:0003824

catalytic activity

Glyma.17g209900

GO:0003824

catalytic activity

Glyma.19g123700

GO:0003824

catalytic activity

Glyma.U022200

GO:0003824

catalytic activity

Glyma.17g212200

GO:0008289

lipid binding

Glyma.17g214200

GO:0030246

carbohydrate binding

Glyma.U022200

GO:0016787

hydrolase activity
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Table S 4 GO annotation for molecular functions were determined through PANTHER analysis utilizing
differentially regulated genes determined through DESeq2 and edgeR analysis through Rstudio.

PANTHER GO

Input

Expect

Over/Under

response to toxic
8

1.72

+

11

2.78

+

10

2.65

+

16

4.23

+

14

4.5

+

46

14.95

+

19

6.75

+

13

4.63

+

substance (GO:0009636)
cellular response to
oxidative stress
(GO:0034599)
reactive oxygen
species metabolic process
(GO:0072593)
response to oxidative
stress (GO:0006979)
cytoplasmic
translation (GO:0002181)
drug metabolic
process (GO:0017144)
purine nucleotide
biosynthetic process
(GO:0006164)
ATP metabolic
process (GO:0046034)
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purine-containing
compound biosynthetic

20

7.28

+

17

6.22

+

18

6.75

+

19

7.14

+

26

10.05

+

23

9

+

25

9.79

+

process (GO:0072522)
purine ribonucleotide
biosynthetic process
(GO:0009152)
ribonucleotide
biosynthetic process
(GO:0009260)
ribose phosphate
biosynthetic process
(GO:0046390)
nucleoside phosphate
biosynthetic process
(GO:1901293)
purine nucleotide
metabolic process
(GO:0006163)
nucleotide
biosynthetic process
(GO:0009165)
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sulfur compound
metabolic process

23

9.13

+

21

8.47

+

31

12.83

+

30

12.43

+

22

9.13

+

25

10.58

+

23

9.79

+

22

9.39

+

(GO:0006790)
purine ribonucleotide
metabolic process
(GO:0009150)
nucleoside phosphate
metabolic process
(GO:0006753)
nucleotide metabolic
process (GO:0009117)
ribonucleotide
metabolic process
(GO:0009259)
purine-containing
compound metabolic process
(GO:0072521)
ribose phosphate
metabolic process
(GO:0019693)
cellular response to
chemical stimulus
(GO:0070887)

72
peptide biosynthetic
47

20.24

+

43

19.05

+

43

19.05

+

50

22.22

+

53

23.81

+

35

15.87

+

31

14.29

+

27

12.96

+

35

16.93

+

process (GO:0043043)
translational
elongation (GO:0006414)
translation
(GO:0006412)
peptide metabolic
process (GO:0006518)
amide biosynthetic
process (GO:0043604)
nucleobase-containing
small molecule metabolic
process (GO:0055086)
cofactor metabolic
process (GO:0051186)
carbohydrate
metabolic process
(GO:0005975)
organophosphate
biosynthetic process
(GO:0090407)

73
cellular amide
metabolic process

59

28.57

+

51

24.74

+

63

30.56

+

41

19.97

+

104

50.93

+

62

30.82

+

62

30.82

+

61

30.56

+

(GO:0043603)
organophosphate
metabolic process
(GO:0019637)
organonitrogen
compound catabolic process
(GO:1901565)
cellular amino acid
metabolic process
(GO:0006520)
small molecule
metabolic process
(GO:0044281)
organic acid
metabolic process
(GO:0006082)
oxoacid metabolic
process (GO:0043436)
carboxylic acid
metabolic process
(GO:0019752)

74
modificationdependent protein catabolic

38

19.18

+

39

19.84

+

110

56.09

+

43

22.09

+

41

21.16

+

39

20.24

+

41

21.3

+

35

18.39

+

process (GO:0019941)
modificationdependent macromolecule
catabolic process
(GO:0043632)
organonitrogen
compound biosynthetic
process (GO:1901566)
protein catabolic
process (GO:0030163)
proteolysis involved in
cellular protein catabolic
process (GO:0051603)
response to chemical
(GO:0042221)
cellular protein
catabolic process
(GO:0044257)
ubiquitin-dependent
protein catabolic process
(GO:0006511)

75
oxidation-reduction
31

16.4

+

37

19.71

+

35

18.65

+

69

38.23

+

67

37.57

+

107

62.57

+

97

56.75

+

214

125.53

+

53

31.48

+

process (GO:0055114)
ribosome biogenesis
(GO:0042254)
small molecule
biosynthetic process
(GO:0044283)
phosphorus metabolic
process (GO:0006793)
phosphate-containing
compound metabolic process
(GO:0006796)
catabolic process
(GO:0009056)
cellular catabolic
process (GO:0044248)
organonitrogen
compound metabolic process
(GO:1901564)
proteolysis
(GO:0006508)

76
organic substance
catabolic process

92

54.76

+

123

78.57

+

61

39.68

+

130

85.06

+

118

78.71

+

131

89.69

+

161

110.32

+

120

82.41

+

157

108.21

+

(GO:1901575)
cellular protein
metabolic process
(GO:0044267)
transmembrane
transport (GO:0055085)
protein metabolic
process (GO:0019538)
cellular nitrogen
compound biosynthetic
process (GO:0044271)
localization
(GO:0051179)
biosynthetic process
(GO:0009058)
transport
(GO:0006810)
organic substance
biosynthetic process
(GO:1901576)

77
cellular biosynthetic
156

107.81

+

121

83.87

+

338

238.5

+

527

375.15

+

428

307.02

+

357

256.76

+

330

241.94

+

298

226.2

+

278

211.91

+

1383

1534.85

-

process (GO:0044249)
establishment of
localization (GO:0051234)
cellular metabolic
process (GO:0044237)
biological_process
(GO:0008150)
cellular process
(GO:0009987)
metabolic process
(GO:0008152)
organic substance
metabolic process
(GO:0071704)
primary metabolic
process (GO:0044238)
nitrogen compound
metabolic process
(GO:0006807)
Unclassified
(UNCLASSIFIED)

78
DNA metabolic
11

28.44

-

5

24.34

-

0

8.6

-

process (GO:0006259)
chromosome
organization (GO:0051276)
protein-DNA complex
subunit organization
(GO:0071824)

